University of Texas at El Paso

DigitalCommons@UTEP
Open Access Theses & Dissertations

2016-01-01

Removal Of Endocrine Disrupting Compounds
From Water And Wastewater Using Ecofriendly
Materials
Alma Lili Loya Posada
University of Texas at El Paso, alloya@miners.utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Chemistry Commons, and the Environmental Sciences Commons
Recommended Citation
Loya Posada, Alma Lili, "Removal Of Endocrine Disrupting Compounds From Water And Wastewater Using Ecofriendly Materials"
(2016). Open Access Theses & Dissertations. 683.
https://digitalcommons.utep.edu/open_etd/683

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

REMOVAL OF ENDOCRINE DISRUPTING COMPOUNDS FROM WATER AND
WASTEWATER USING ECOFRIENDLY MATERIALS.

ALMA LILI LOYA POSADA
Master’s Program in Environmental Science

APPROVED:

Wen-Yee Lee, Ph.D., Chair

Lixin Jin, Ph.D.

Shane Walker, Ph.D.

Charles Ambler, Ph.D.
Dean of the Graduate School

Copyright ©

by
Alma Lili Loya Posada
2016

Dedication

To all my family and friends that supported me unconditionally throughout my career.

REMOVAL OF ENDOCRINE DISRUPTING COMPOUNDS FROM WATER AND
WASTEWATER USING ECOFRIENDLY MATERIALS.

by

ALMA LILI LOYA POSADA, B.S.

THESIS

Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements
for the Degree of

MASTER OF SCIENCE

Department of Geological Sciences
THE UNIVERSITY OF TEXAS AT EL PASO
December 2016

Acknowledgements
I would like to firstly acknowledge my research advisor, Dr. Wen-Yee Lee. For always
supporting me throughout my research career. I will be forever grateful for her guidance and for
giving the opportunity to be part of her research lab.
I would also like to thank our collaborator, Dr. Wah-Tzu Teoh from the Nagaoka Institute
of Technology for showing me the basic steps to start my project. To my committee members, Dr.
Lixin Jin and Dr. Shane Walker. As well as the UTEP Department of Chemistry, Geological
Sciences and Graduate school, for their funding support during my graduate studies. To the
Statistical Consulting Laboratory, especially Dr. Jeon Soyoung for helping me with the statistical
analysis. To Art Hernandez from the EPWU for providing me the wastewater samples. Thanks to
Jose Veleta from Dr. Dino Villagran’s research lab for his help on getting the BET surface area.
To all my lab mates and friends, Duer Bolotaulo, Gao Qin, Angela M. Encerrado, Raquelle
Soto, Cesar Bezares, Fernanda Lugo, amongst many others, for helping me whenever I needed
them. And last but not least, to my family who were always there for me and for helping me
become the person I am today.

v

Abstract
Endocrine disrupting chemicals (EDCs) are compounds considered pollutants of emerging
concern. The United States Environmental Protection Agency (USEPA) defines emerging
pollutants as new chemicals without regulatory status and with an impact on the environment and
human health that is poorly understood. Bisphenol A (BPA) has been considered an EDC and
found to be ubiquitous in the environment because of its presence in a multitude of products
including food and beverage packaging, flame retardants, adhesives, building materials, electronic
components, and paper coatings Currently, BPA is not regulated by the federal government in the
US and waste water treatment plants are not designed nor required to remove it. As wastewater
effluent for drinking water use becomes a reality in our society, it warrants a need to develop
methods to effectively remove BPA from wastewater. This project proposed a novel sorption
application in which we incorporated bentonite and activated carbon with the gelling properties of
alginate to develop alginate gel-based (hydrogel) and dry beads to remove BPA. This adsorbent
material has the potential to be a low cost and non-toxic alternative for the real world applications.
Two types of materials were made, Alginate-Bentonite (AlgB) and Alginate-Activated carbon
(AlgC) in this study. The objectives were to (1) study the removal of BPA by AlgB and AlgC
under different conditions: sorbent dose (1.50mg/mL- 5.00mg/mL), temperatures (18oC- 40 oC)
and pH (2.28-11.87); and (2) to test the removal ability on wastewater to analyze the matrix effect
and the feasibility of real world use. Analysis of BPA was performed by Stir Bar Sorptive
Extraction (SBSE) coupled with Thermal Desorption (TD) followed by Gas-Chromatography and
Mass Spectrometry (GC/MS).
The AlgB beads were not able to effectively remove BPA from aqueous solutions when
compared with AlgC beads. The percent removal of hydrogel AlgB was 43.37%, hydrogel AlgC
was able to remove >99% (6-log removal) BPA when adding 4.50 g of AlgC in 20 mL of 10 ppm
vi

(mg L-1) BPA solution within 40 minutes. Dry AlgC was able to remove >99% (6-log removal)
BPA when adding 1g of dry AlgC into 4 mL of 10 ppm (mg L-1) BPA solution within the first 3
hours. The maximum sorption capacity (qm) for dry AlgC beads was found to be 303.03 mg/g.
The removal sorption by AlgC followed a pseudo-second order model, proposing valence
forces or electron exchange mechanisms. The isotherms for BPA removal by AlgC were in line to
the Freundlich model (R2=0.9556), which suggests multilayer adsorption to a heterogenous
adsorbent surface. The thermodynamic plots showed that the adsorption was exothermic and
spontaneous.
The AlgC beads showed a removal of (67%) at the higher dose (5.00 mg/mL) under
unadjusted conditions (pH 7-8) and a slightly higher removal under acidic conditions using the
smaller dose (1.50 mg/mL). The impact of pH on the sorption of BPA by the AlgC beads were
minimum with a difference of less than 3%, and that presents an advantage of the potential use
AlgC in water treatment since the raw wastewater pH is around 7.
AlgC dry beads (1.50 mg/mL) was then used in raw wastewater samples to test the BPA
removal and to investigate the matrix effect. In this case, the higher BPA removal achieved was
36.9% from spiked wastewater and 54.5% in spiked deionized water in a time lapse of 24 hours.
These preliminary results show the ability of the AlgC beads to successfully remove BPA from
aqueous solution, and the possibility of future real-world use. Further studies will focus the use of
AlgC in the removal of other EDCs in drinking water and wastewater.
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Chapter 1: Introduction
Endocrine disrupting chemicals (EDCs) are organic compounds considered pollutants of
emerging concern. The United States Environmental Protection Agency (USEPA) defines
emerging pollutants as new chemicals without regulatory status and with an impact on the
environment and human health that is poorly understood (Priac et al. 2014). It also defines an EDC
as: “An exogenous agent that interferes with the synthesis, secretion, transport, binding, action, or
elimination of natural hormones in the body that are responsible for the maintenance of
homeostasis, reproduction, development, and/or behavior.” (Ze-hua Liu, Kanjo, and Mizutani
2008). This means that EDCs can alter the endocrine system that regulates a multitude of
developmental, metabolic, and reproductive processes including embryonic development, gonadal
formation, sex differentiation, growth, and digestion (Flint et al. 2012), thus interfering essentially
with the reproductive systems of wildlife and humans (Joseph et al. 2011).

EDCs can be of natural or synthetic origin which are released into the environment by
humans, animals, and industry (Dong et al. 2010). The most common source of discharge within
the environment is through the effluent waters in wastewater treatment plants. Since the treatment
plants are neither designed nor required to monitor or remove these organic compounds (Focazio
et al. 2008), EDCs can pass the treatment processes and are released into surface water. A
nationwide study by the U.S. Geological Survey revealed that various organic wastewater
contaminants (OWCs) existed in 80% of the stream samples (Kolpin et al. 2002). The list of these
xenobiotic compounds is extensive and can be found as biocides, industrial compounds,
surfactants, and plasticizers. Examples of these chemicals include alkylphenols, phthalates,
bisphenol A (BPA), polybromodiphenylethers, and natural and synthetic estrogens (Priac et al.
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2014),

In this study, BPA was selected as our model compound for its ubiquity in the

environment.

1.1 Bisphenol A
Bisphenol A, (BPA, also called 4,4’-isopropylidenediphenol, 2,2’-bis(4-hydroxyphenyl)propane,) (Fig. 1) is a grayish or colorless crystalline solid with chlorophenol–like odor (W.-T.
Tsai 2006). BPA is produced by the condensation of phenol and acetone in the presence of an acid
catalyst or a cation exchange resin (Zhou, Lu, and Lu 2012). It is widely used as a monomer for
the production of epoxy resins, polycarbonates, and other plastics (Xu, Wang, and Zhu 2012). It
has become ubiquitous in the environment within the past 80 years due to its wide uses in a variety
of products including food and beverage packaging, flame retardants, adhesives, building
materials, electronic components, and paper coatings (Flint et al. 2012). The global demand for
BPA was predicted to grow from 3.9 million tonnes (in 2006) to about 5 million tonnes in 2010
(Huang et al. 2012). Current data estimates that, due to the use in numerous commercial
applications, over 3,600,000 tonnes have been produced annually worldwide (Wang et al. 2015).
Due to its production and application in commercial products, BPA is eventually released into the
wastewater and further into the environment through the wastewater effluents.

Figure 1. Molecular structure of Bisphenol A
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The potential adverse effects of BPA on human health and reproductive biology include
breast and prostate cancers, sperm count reduction, abnormal penile/urethra development in males,
early sexual maturation in females, neurobehavioral problems, prevalence of obesity, type 2
diabetes, and immunodeficiency (Flint et al. 2012; Ragavan, Rastogi, and Thakur 2013; Zhu et al.
2013). The first safety standard for BPA was set in 1988 by the EPA and adopted by the FDA with
the reference dose of 50 mg/kg in body weight/day. Nevertheless, researchers have found in several
studies that BPA is able to affect in-vivo and in-vitro species at an even lower dose. For instance,
Vandenverg et al. (2013) found in their study for low dose effects of BPA, that oral ingestion
ranging from 0.5-1200 µg/kg/day encouraged high body weight and change in mammary gland
morphology in mouse at developmental stages. Most studies of BPA effects on wildlife focus on
endocrine systems; however, modes of action other than endocrine disruption may cause some
observed effects, such as feminization traits in male fish; Hutchinson, 2002). At concentrations
ranging from 1.1 to 12.8 mg/L, BPA is systemically toxic to various taxa, including daphnids,
mysids and both freshwater and saltwater fishes (Flint et al. 2012).

Currently, BPA is not regulated and most WWTPs are not designed to remove it. As
wastewater effluent for drinking water use becomes a reality in our society, it warrants a need to
develop methods to effectively remove BPA from wastewater.

1.2. Methods for the Removal of BPA from aqueous solutions

Several scientific studies have been made in order to prevent BPA and other organic
pollutants from releasing into the aquatic environments. Current methods for BPA removal can be
divided into three main categories: microbiological, advanced oxidation and physical processes.
Each process is briefly described as follows.
3

1.2.1. Microbiological Processes.

Removal of BPA by biological processes is based on the natural function of
microorganisms on the biodegradation of organic compounds. Biodegradation can be achieved by
bacteria, microalgae or enzymes (Ze-hua Liu, Kanjo, and Mizutani 2008). The activated sludge
and other microbiological processes can convert aqueous organic compounds into biomass that is
then separated from the aqueous phase by settlement. However, not all compounds were
completely broken down or converted into biomass (Priac et al. 2014). This, in turn is one of the
downsides of using biodegradation processes for removal since biodegraded products can be more
harmful than the parent substance or more biologically active (Silva, Otero, and Esteves 2012).
For example, it is believed that Estrone (E1), which is an estrogenically active compound, is a
byproduct of the biodegradation of Estradiol (E2), which in turn can further degrade into 17αethinylestradiol (EE2), that has been found to be highly persistent in wastewater effluents (Y. M.
Lee et al. 2004; Johnson and Sumpter 2001).

In WWTPs, this biodegradation process commonly take place in the activated sludge
during secondary treatment. The conventional activated sludge treatment process consists of a grit
chamber, preliminary sedimentation (primary effluent), activated sludge treatment, secondary
settling (secondary effluent), and sand filtration (tertiary effluent).The activated sludge process
(ASP) is the treatment system most widely used in the world because its competitive cost and high
efficiency are the two key considerations for its application (Priac et al. 2014). Currently, under
optimized conditions, more than 90–95% of substances can be eliminated by conventional
biological-based methods used in WWTPs (Li, Jiku, and Schroder 2000).
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1.2.2. Chemical Processes.
Chemical processes are often discussed as advanced oxidation process (AOP). These
processes are characterized by radical reactions involving chemical agents and energy sources
(Ikehata and Gamal El-Din 2006). The most common chemical agents used in wastewater
treatments are ozone, hydrogen peroxide, chlorine reactants, transition metals and metal oxides.
These chemicals along with UV radiation, electric current, γ-rays and ultrasound have been found
efficient on the removal of micro pollutants, in which the hydroxyl groups (-OH) are the primary
oxidants in charge of reacting with the organic molecules.
The key point for effective removal through chemical processes is the choice of oxidizer.
Redox potentials of some wastewater treatment oxidizers are, in strength order, ferrate (IV) (FeO42) > ozone (O3) > dithionite anion (S2O42-) > hydrogen peroxide (H2O2) > chlorine (Cl2) > chlorine
dioxide (ClO2) (Ze-hua Liu, Kanjo, and Mizutani 2008). Chlorine is the most widely used chemical
for disinfection, due to the availability and the low cost. However, Liu et al. (2008) reported that
the estrogenic activity of the water solutions was hardly decreased after chlorination, especially
for BPA. It must be pointed out that under certain circumstances, these processes may render
harmful by-products or transformation products due to their reactivity with water matrix
components or micro pollutants, which can have a similar or increased estrogenicity relative to the
parent compounds(Silva, Otero, and Esteves 2012; Ze hua Liu, Kanjo, and Mizutani 2009; Auriol
et al. 2006; Ikehata and Gamal El-Din 2006). This issue is one of the main concerns for scientists
in the field to put in efforts to replace or improve AOPs by options that might be less harmful to
humans and the environment.
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1.2.3. Physical Processes.
Physical processes refer to the actual physical uptake or removal of pollutants. It can be
divided into two main categories: filtration and sorption. Physical processes for the removal of
pollutants from contaminated water, is currently considered an effective, efficient, and economic
method for quickly lowering the concentrations of organic molecules in an effluent (Jiuhui 2008;
W. T. Tsai, Lai, and Su 2006).

1.2.3.1. Filtration.
The membrane processes are gaining wide use for contaminant removal in advanced water
and wastewater treatment. Compared to conventional processes, its remarkable advantage is the
high quality of effluent, including extremely low organic concentration, and removal of microbes
and viruses without chemical disinfection (Ze-hua Liu, Kanjo, and Mizutani 2008). The retention
of micro pollutants in membrane processes can be generally achieved by size exclusion, adsorption
onto membrane, and charge repulsion (Luo et al. 2014). Membrane filtration, such as
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO), has
demonstrated itself as a promising option for the elimination of EDCs, including steroid hormones,
from water (Silva, Otero, and Esteves 2012). Even though filtration is considered one of the most
effective way to remove micro pollutants from water, such as BPA and other pollutants of
emerging concern, especially when used along with microbiological processes, the downside of
this kind of processes come from the high installation costs and regular maintenance.

1.2.3.1. Sorption.
In comparison to filtration and other treatment techniques, sorption has the advantage of
lower initial cost, ease of operation, and the lack of the possibility of producing secondary harmful
6

substances (Dong et al. 2010). Sorption processes often rely on the ability to remove pollutants
using mineral clays, activated carbon, biomass, polymers, zeolites or nanomaterials. Activated
carbon (AC) is an effective adsorbent for the removal of a wide variety of organic and inorganic
pollutants from aqueous media and it is the most widely used adsorbent for water and wastewater
treatment (Silva, Otero, and Esteves 2012). However, the utilization of activated carbon on a large
scale is limited by process engineering difficulties, such as its dispersion problem and regeneration
cost (Ai, Li, and Li 2011).
In search of other ecofriendly sorbent, researchers have also explored other natural
materials such as bentonites and alginate for the removal of contaminants. Bentonites are mineral
clays that are highly valued for their sorptive properties, which stem from their high surface area
and their tendency to absorb water in the interlayer sites (Naseem and Tahir 2001). They are mostly
used for the removal of heavy metals in contaminated waters(Tzu, Tsuritani, and Sato 2013; Aly
et al. 2014) Alginate is a collective term for a family of exopolysaccharides produced from brown
seaweeds and some bacteria (Fang et al. 2007). It is a linear binary copolymer consisting of
homopolymeric blocks of (1-4)-linked β-D-mannuronic acid (M) and α-L-guluronic acid (G)
residues with a wide range of compositions and sequences (Ai, Li, and Li 2011). One important
characteristic of alginate is its ability to transform into hydrogel when ionically interacting with
multivalent ions. Whenever alginate is reacted with Calcium “egg-box’ structures (Figure 2) form
making it an excellent immobilization matrix for powdered sorbents such as activated carbon and
mineral clays. Due to its high surface area and porous structure of the entrapped sorbent, which
has an affinity to a wide spectrum of organic pollutants, this materials combination has shown the
potential to remove micro pollutants from aqueous solutions.

7

Figure 2. Schematic representation of calcium alginate. (a) Ca2+ reaction with alginate; (b) egg box
structure in which the open circles represent the Ca2+ ions (Fang et al. 2007).
1.3. Research Questions and objectives.
This study focused on the use of eco-friendly absorbing materials, activated carbonalginate (AlgC) and Alginate-Bentonite (AlgB) beads to remove BPA from water. The
objectives of this study were (1) to test the removal ability of BPA by AlgC and AlgB beads
and (2) To explore the application of AlgC beads in the removal of BPA in wastewater. The
sorption characteristics of AlgC beads under different controlled parameters were studied to
understand the adsorption process. Then, the impact of organic matter and other matrix effects
in wastewater on the BPA absorption by AlgC were investigated.

8

Chapter 2: Methodology
2.1. Materials and reagents
Sodium alginate, activated carbon and bentonite were provided by our collaborator, Dr.
Wah Tzu Teoh1. Bisphenol A (BPA) was purchased from Sigma-Aldrich (MO, USA). Isotopic
BPA (ring

13

C12) was supplied by Cambridge Isotope Laboratories, Inc. (MA, USA). ACS plus

grade hydrochloric acid (HCl), reagent grade sodium hydroxide (NaOH), HPLC grade acetone and
ACS grade Methanol were obtained from Fischer Scientific (MA, USA). ACS grade sodium
carbonate (Na2CO3) was purchased from VWR (PA, USA), and reagent plus grade acetic acid
anhydride (AAA) was purchased from Sigma-Aldrich (MO, USA). Ultrapure deionized (DI) water
was obtained from a Milipore Mili-Q Direct Reverse Osmosis system.
Primary BPA stock solution of 1000 mg/L was prepared by diluting 10 mg of BPA reagent
(Sigma Aldrich) in methanol. The secondary stock solution was prepared and diluted to the desired
concentrations in DI water. All standard solutions were stored at 4oC.
2.2. Preparation of hydrogel beads.
The procedure in the beads production was previously developed by Dr. Wah Tzu Teoh1.
Briefly, Activated Carbon alginate (AlgC) and Bentonite alginate (AlgB) hydrogel beads were
prepared by adding 0.5g of sodium alginate to 50 ml of deionized water; then activated carbon or
bentonite (provided by Dr. Wah Tzu Teoh1), was slowly added into the alginate solution at 1:1
ratio (0.5g) while slowly stirring the mixture. The solution was then stirred for 30 min. Once the
solution was homogeneous; it was added drop wise to 200 ml of 0.2 M calcium chloride solution
under constant stirring. After 3h stirring, the resulting hydrogel beads were rinsed using deionized

1

Dr. Wah Tzu Teoh, Department of Environmental Engineering, Nagaoka University of Technology, Nagaoka,
Japan
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water to remove calcium chloride on the surface. The hydrogel beads were then stored in DI water
at room temperature in a clean glass vial. To make the dry beads, the hydrogel beads were then
left to air dry at room temperature until the weight remained constant (Figure 3).

Activated
carbon or
bentonite +
Alginate (1:1)
dissolved in DI
water

Drip solution
into 0.2 M
CaCl2 solution
using a syringe
while stirring.

Stir for 3 hours

Air dry the
hydrogel
beads

Figure 3. Production of hydrogel beads/ dry beads (using AlgC as example).
Two 150 mg samples of dry AlgC beads were used to calculate the Brunauer-EmmettTeller (BET) surface area, along with micropore volume, average pore diameter and average
particle size. Nitrogen gas (N2) was added to the beads until saturation was reached. The Nitrogen
adsorption isotherms were then obtained using a Micromeritics ASAP 2020 Surface Area and
Porosity Analyzer. Samples were weighed and vacuum dried for 12 hours at 423 K with an outgas
pressure less than 10mmHg. Afterwards, nitrogen isotherms were measured volumetrically at 77
K.
2.3. Study of BPA sorption experiment by AlgC and AlgB hydrogel
About 4.5 grams of AlgC or AlgB hydrogel beads were weighted and added into 20 mL of
10 mg L-1 (ppm) BPA solution to evaluate their removal ability for BPA. Twenty-five µL of the
solution were collected at 10-minute intervals for 90 minutes. Each of the 25 µL solutions were
added into separate beakers containing 50 mL of 1% (w/v) sodium carbonate solution (made by
adding 3.50g of powdered sodium carbonate in 350 mL of DI water) as the pH adjustment agent
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in the in situ derivatization process. Twenty mL of the sample-Na2CO3 solution were then added
to 20 mL glass vials, where they were prepared for BPA analysis by Stir Bar Sorptive Extraction
(SBSE) coupled with Thermal Desorption (TD) followed by Gas Chromatography and Mass
Spectrometry (GC/MS). The procedure for SBSE/TD/GC/MS will be described in later section.
2.4 Continuous BPA removal by AlgC beads
To study the BPA removal of dry AlgC beads, 1g of dry beads were added to 4 mL of 10
ppm BPA solution. The solution was sampled at 3 hours and 24 hours. After 24 hours, the beads
were filtered, air dried and added into another 4 mL of fresh 10 ppm BPA solution was added.
The process was repeated for 29 days, until the BPA removal performance of the beads decreased.

2.4.1. Effect of sorbent doses on BPA removal
To determine their BPA removal capacity, four different dosages of dry AlgC beads,
chosen when compared to literature values (Zhou, Lu, and Lu 2012; Zhu et al. 2013), were used
with each of 10 mL of 10 ppm BPA solution: Dose A 1.50 mg/mL, B 2.50 mg/mL, C 3.50 mg/mL
and D 5.00 mg/mL. Consequently, twenty-five µL of the BPA solution were collected from each
treatment at various time intervals: 15 min, 30 min, 60 min, 3 hours, 5 hours and 48 hours. These
samples were then prepared for SBSE/TD/GC/MS analysis, by adding each 25 µL aliquots to 20
mL of 1% (w/v) Na2CO3 for the analysis of BPA by SBSE which procedure will be described in a
later section.

2.4.2. Determination of sorption capacity.
The BPA sorption capacity at equilibrium under various AlgC doses was studied. In four
different vials, 15 mL of 500 ppm BPA solution was added along with four different doses (A-D)
respectively. Each solution was stirred at 300 rpm and an aliquot of 100 µL was sampled at various
11

time intervals ranging from 1hr until the equilibrium was reached. Each sample was then diluted
by adding 20 µL of the solution into 10 mL of DI water. The diluted solutions were then further
diluted by adding 250 µL into 50 mL of 1% (w/v) sodium carbonate solution for BPA analysis by
SBSE/TD/GC/MS.

2.4.2.1. Effect of contact time, sorption kinetics and isotherms.
The influence of contact time on BPA sorption under static condition was analyzed using
doses A-D (as described in 2.3.1). Four 20mL vials, containing doses A-D, were prepared using
10 mL of 500 ppm BPA solution. Then, 100 µL were sampled at different time intervals ranging
from 1 hour to 240 hours in order to determine the ideal equilibrium contact time and to later
calculate the static sorption kinetics. From the 100 µL samples, 25 µL were added to a 50 mL
beaker containing 1% sodium carbonate solution, before being prepared for SBSE/TD/GC/MS.

2.4.3. Effect of temperature and thermodynamics.
The effect of temperature on BPA removal and the thermodynamic properties were
determined by heating or cooling two vials with 500 ppm BPA solution each with Dose A or D,
accordingly. The solution temperatures ranged from 18 oC to 40 oC. Two 20 mL vials with 10 mL
of 500 ppm BPA solution were heated to 40oC in an oven and left at a constant temperature for 1
hour, once the temperature in the solution was constant, dose A was added to one container and
dose D to the second one. 100 µL were sampled every hour until equilibrium was reached; from
there, 25 µL were sampled into a 50 mL beaker containing 1% sodium carbonate. At the same
time, two 20 mL vial with 10 mL of 500 ppm BPA solution were heated up to 30 oC and left at a
constant temperature for 1 hour, once the temperature on the solution was constant dose A and D
were added and the previous procedure was repeated. Finally, two vials were left at room
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temperature each containing either dose A or D, following the above procedure before preparing
the samples for analysis by SBSE/TD/GC/MS.

2.4.4. Effect of pH on BPA removal
Doses A and D were used to measure the removal behavior of BPA under different pH
conditions. Three vials with 1.50 mg/mL of dry AlgC were prepared in 10 mL of 10 ppm BPA
solution (Dose A1-A3); the same procedure was followed using 5.00 mg/mL (Dose D1-D3). The
pH conditions were controlled at 2 (by adding 100 µL 2M of HCl), neutral (without pH
adjustment), and 11 (by adding 100 µL 2M NaOH). Two extra vials containing dose A & D (A4
& D4) were also prepared in order to periodically monitor the neutralization capacity of the AlgC
beads. One-hundred µL of each treatment (A1-A3 & D1-D3) were collected at different time
intervals ranging from 15 minutes to 48 hours, in order to record the removal ability. Samples were
then diluted to 5ppb on 20 mL of 1% (w/v) sodium carbonate solution in order to prepare for
SBSE/TD/GC/MS analysis.
2.5. BPA removal from wastewater samples

2.5.1. Wastewater collection
To determine the feasibility of real world use and study the matrix effect, wastewater
influent samples were obtained from two different influent water points at a local wastewater
treatment facility. One wastewater influent was treated with FeCl3 as a coagulant and to keep the
hydrogen sulfide from inffluent wastewater under control. The influent samples were then
composite with equal amount into 1L amber glass bottles.
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2.5.2. Wastewater sample preparation and analysis
All the wastewater samples in the 1 L amber bottles (5L in total) were centrifuged at 4000
rpm for 10 minutes to remove any solid particulates from the samples. Five hundred mL of the
centrifuged wastewater was spiked with 2.5 mL of 1 ppm BPA and 0.75g of AlgC were added.
Aliquots of 20 mL water sample were collected at several time intervals, from time 0 to hour 24,
and BPA was analyzed by SBSE/TD/GC/MS. These procedure was repeated two more times, in
order to calculate the AlgC beads sorption in the same wastewater three times and to obtain the
standard deviation. Along with wastewater one DI water control was made by adding 500 mL of
DI water with 2.5 mL of 1ppm BPA, along with 0.75g of AlgC beads. These were then prepared
for SBSE/TD/GC/MS analysis.

2.5.3. BPA removal using 1% w/v AlgC beads/ Wastewater analysis
One liter flask containing only raw wastewater (no coagulant) was centrifuged at 4000 rpm
for 10 minutes. From which 100 mL were added into two clean, dry flasks along with 1g of AlgC
beads (1% w/v). Twenty mL were sampled after at time 0 and after 1, 3 and 24 hours of contact
time. The samples were then prepared for analysis by adding 0.20g of sodium carbonate and 100
µL of 1ppm mirex, as the IS, and

200 µL of AAA. These were then analyzed by

SBSE/TD/GC/MS.
2.6 Instrumental analysis
The chemical analysis was divided into two main stages: the sample extraction which was
performed by the technique known as Stir-Bar Sorptive Extraction. While the chemical analysis
was performed using Thermal-Desorption followed by Gas Chromatography/Mass Spectrometry
(TD/GC/MS).
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2.6.1. Stir-Bar Sorptive Extraction (SBSE)
All samples were extracted using Stir-Bar Sorptive Extraction (SBSE) technique that uses
a stir bar coated with polydimethylsiloxane (PDMS) to absorb organic compounds from aqueous
solution (Kawaguchi et al. 2004). In-situ derivatization was performed in order to increase the
affinity of BPA molecules to the PDMS coating of the stir bars. In general, 20 mL of water sample
were used. For in-situ derivatization, sodium carbonate was added into the solution at 1% (w/v)
concentration as a pH adjustment agent, and 200 µL of AAA were added, as a derivatization agent.
To ensure quality and the proper function of the instrument, 200 µL of 100 ppb of isotopic BPA
were added as an Internal Standard (IS). One pre-conditioned magnetic Twister® (10 mm, 1mm
of PDMS coating (Gerstel Inc., USA)) was added to each sample. Samples were then set to stir at
1000 rpm for 2 hours. After two hours, the stir bars were carefully removed from the vials using
tweezers, rinsed with DI water and dried using lint-free tissue. Dry Twisters® were then placed
into glass thermal-desorption tubes (TDT) and capped using stainless steel caps sealed with PFTE
O-rings.

2.6.2. Thermo-Desorption Unit/Gas Chromatography-Mass Spectrometry (TDU/GC/MS)
After SBSE, the Twisters® were placed in a TDU and underwent thermal desorption
process. The process of desorption was set in splitless mode and the temperature was programmed
as follow: an initial temperature of 45 ºC with a ramp of 60 ºC/min to a final temperature of 280
ºC and held for 7 minutes. The transfer line temperature was held at 300 ºC. After desorbed from
the stir bars, the analytes were cryo-focused in a baffled glass liner in a cryo-injection system
(CIS4) under liquid nitrogen at -40 ºC. The temperature of CIS4 was programmed as follows: an
initial temperature of -40 ºC was ramped at a rate of 12 ºC/s to 300 ºC, and held for 10 minutes.
The analysis of BPA was accomplished using GC/MS (Agilent 6890/5973 GC/MS, Agilent, CA,
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USA) fitted with an HP-5MS capillary column (0.25 mm × 30 m × 0.25 um, Agilent, CA, USA).
The GC oven was programmed for an initial temperature of 60 ºC, followed by a 15 ºC/min ramp
to a final temperature of 300 ºC, and held for 5 minutes. Ultra-high purity helium was used as the
carrier gas, with a flow of 1.2 mL/min.
The mass spectrometer was operated in the selected ion-monitoring (SIM) mode and MSD
ChemStation Data Analysis Application software (2003) was used to perform instrumental data
analysis. The m/z values for the targeted analytes were 213 & 228 for the acyl derivative of BPA
and 225 & 240 for the acyl derivative of isotopic BPA.
2.7 Quality control
Six-point calibration curves were done using BPA concentrations ranging from 0 to 8ppb,
with a coefficient of determination (R2) ranging from 0.97-0.99. Solvent blanks (i.e. 1% sodium
carbonate solution, isotopic BPA and 200 µL of AAA) were analyzed with each set of sample
runs. Samples were run in triplicates and the coefficient of variation (CV), or relative standard
deviation (RSD) was kept below 25% for all analysis. Quality check standard solution of 5ppb was
analyzed periodically to ensure the performance of the instrument and the viability of the
calibration curves. The method’s limit of detection (MLOD) for BPA was 0.010μg/L (Bezarescruz 2016).
To avoid cross contamination, all glassware was cleaned using DI water, followed by
acetone and methanol before using (Salgueiro-González et al. 2012).
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2.8 Statistical analysis
All the statistical analyses were made using R statistical software (R Core Team, 2016).
One-way analysis of variance (ANOVA) was performed to compare the BPA removal by AlgC
beads under various treatment.
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Chapter 3: Results and Discussion.
3.1. BPA sorption by AlgC and AlgB hydrogel beads
Activated Carbon alginate (AlgC) and Bentonite alginate (AlgB) hydrogel beads were
prepared to study their sorption ability of BPA. About 4.5 grams of AlgC and AlgB hydrogel
beads were mixed with 20 mL of 10 mg L-1 (ppm) BPA solution individually and BPA
concentrations were tested every 10 minutes for a total of 90 minutes. BPA removal was calculated
using the equation:

% Re moval 

C 0  Ct
 100% ,
C0

where C0 and Ct are BPA concentrations at time 0 and the time of the sampling. The results were
then using the log removal value (LRV), which measures the removal ability of treatment
processes. LRVs were calculated using the equation below, by taking the logarithm of the initial
concentration of BPA solution over the final concentration of BPA solution. If the quantification
showed zero, the final concentration was substituted by the MLOD (0.010μg/L).
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑃𝐴 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝐿𝑅𝑉 = 𝑙𝑜𝑔10 (
)
𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑃𝐴 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
As shown in Figure 4, AlgC was able to achieve >99% (6-log removal) of BPA in 40
minutes, while AlgB reached 38.26% maximum removal of BPA after 30 minutes into the mixing.
Bentonite and other mineral clays, have been previously used to remove heavy metals
cations (Tzu, Tsuritani, and Sato 2013), but this study showed that it has low sorption for noncharged molecules such as BPA. Therefore, AlgB was not included in further BPA sorption
experiment in this study.
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It is obvious that activated carbon is a better adsorbent for uncharged molecules. However,
the sorption of EDCs by AlgC is not well studied. Due to the remarkable removal ability for BPA,
AlgC was selected for further experiments in this project. Furthermore, we chose to focus on AlgC
dry beads because they are easy to measure and store, and have better potential to be used in future
application.

Bisphenol A removal
AlgB

AlgC

40

50

Percent removal (%)

100
80
60
40
20
0
0

10

20

30

60

70

80

90

Time (Minutes)

Figure 4. BPA percent removal by AlgC and AlgB bydrogel beads. Error bars represent ± 0.010.24 standard deviation (SD).
3.2. Characterization of hydrogel/dry AlgC beads.
To study the surface property, Brunauer-Emmett-Teller (BET) surface area, along with
micropore volume, average pore diameter and average particle size were determined and listed in
Table 1. AlgC beads have an average surface area of 559.1 m2/g. Literature has reported the
surface area for the AlgC was higher than some materials used for BPA removal such as Andesite,
titanium dioxide and Activated Bleaching earth, which ranged from 2.7 to 257 m2/g (W. T. Tsai,
Lai, and Su 2006). Though other report revealed a higher surface area (896 m2/g) in granulated
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activated carbon than our AlgC (Zhou, Lu, and Lu 2012), the pore volume of AlgC could be more
significant in terms of sorption ability than the specific surface area alone based on the isotherms
(W. T. Tsai, Lai, and Su 2006).

Table 1. AlgC beads BET surface area, micropore volume, avg. pore diameter and average
particle size (Significant figures reported as obtained from Micromeritics ASAP
2020 Surface Area and Porosity Analyzer).
Sample

Mass
(mg)

AlgC
Sample 1
AlgC
Sample 2

151.6mg
152.9mg

BET Surface
Area (m2/g)

Micropore
Volume
(cm3/g)

BJH Adsorption
Avg. pore
diameter (Å)

569.24

0.146056

31.981

Average
Particle
Size
(Å)
105.404

548.95

0.135995

34.268

109.299

The physical appearance of the hydrogel and dry AlgC beads are shown below in Figure
5a and 5b. The hydrogel beads have an approximate diameter of 4mm, while the dry beads have
an approximate diameter of 1mm. The Scanning Electron Microscope (SEM) images (5c-5f)
(provided by Dr. Wah-Tzu Teoh1), provide an image of the surface morphology of the AlgC beads
compared to the surface morphology of Activated carbon and Alginate by themselves.
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Figure 5. Physical appearance for (a) AlgC hydrogel beads and (b) dry AlgC beads. Surface
morphology by SEM (Dr. Wah-Tzu Teoh1) of (c) powdered activated carbon 200X; (d) powdered
activated carbon 1000X; (e) Alginate 500X; and (f) AlgC beads 500X.
3.3. Continuous BPA removal by dry AlgC
The continuous BPA removal was documented using 1g of AlgC in 4 mL of 10 ppm BPA
solution in 24 hours. We repeated the experiment 29 times using the same beads and obtained the
same sorption performance and >99% (6-log removal) BPA removal for 29 days (Figure 6). The
same trend was observed from day 1-21, in which >99% (6-log removal) of BPA was achieved
after 3 hours. As shown in Figure 6, the BPA removal for Day 1, 8, 15 are completely overlapped.
After day 21, the AlgC beads only removed 98 %, and by day 27 the removal after 3 hours
decreased to 64%, but then again after 24 hours of contact time, complete removal was achieved.
Even on day 29, the same AlgC beads were able to remove 91% of BPA solution after 3 hours and
eventually 98.81% at 24 hours. The results show that AlgC beads potentially can be used for a
long term.
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Figure 6. Percent removal of BPA by dry AlgC. The results are represented as the average of
duplicates with a standard deviation of ± 0.007-0.57 and with a Relative Standard
Deviation below 25%.

3.3.1. Effect of sorbent doses on BPA removal
The effect of absorbent doses was analyzed up to 48 hours of contact time without stirring
with 10 mg/L BPA solution (Figure 7). Four dosages were implemented: Dose A 1.50 mg/mL, B
2.50 mg/mL, C 3.50 mg/mL and D 5.00 mg/mL. Figure 7 depicts the percent removal of BPA
solution, with a relative standard deviation ranging from 1%-10%. Under static condition, the
removal between hour 0 and hour 5 was low. BPA were removed at 16.97% and 19.67% under
Dose A (1.50 mg/mL) and Dose B (2.50 mg/mL), while Dose C (3.50 mg/mL) exhibited a higher
removal at 81.46% after 5 hours of contact time. Dose D (5.00 mg/mL), the highest dosage,
removed only 40.38%. Despite the fluctuation of BPA removal during the first 15 minutes, a
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steady increase in BPA removal was observed in general. Zhu et al used the same dosages for
BPA removal using alginate gel (AG) with cetyl trimethyl ammonium bromide (CTAB) (Zhu et
al. 2013). After 48 hours of contact time under constant shaking, dose A was able to remove
74.59%, dose B 89.82%, dose C 91.56% and dose D 97.48%. Apparently, stirring helps achieving
higher adsorption of BPA onto the sorbent. However, in our experiment, stirring at 300 rpm caused
AlgC to break up and release activated carbon to the solution.

Therefore, most sorption

experiments in this study were kept under static contact condition.

BPA concentration using different doses
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Figure 7. Percent removal of BPA using different sorbent dosage. Dose A 1.50 mg/mL, B 2.50
mg/mL, C 3.50 mg/mL and D 5.00 mg/mL. Error bars represent SD values which
ranged from 0.24-1.23.
3.3.2. Determination of sorption capacity.
The removal of 500 mg/L of BPA was calculated under the different doses A-D (1.50
mg/mL-5.00mg/mL), by constant stirring of 300 rpm. As shown in Figure 8, the removal efficiency
increased along with the dosage, and the sorption of BPA under various doses pretty much reached
equilibrium after 50 hours of contact time.
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Figure 8. Percent BPA absorbed per unit of sorbent at equilibrium. Dose A 1.50 mg/mL, B 2.50
mg/mL, C 3.50 mg/mL and D 5.00 mg/mL. Error bars are represented by  SD
(ranged from 0.11%-9.95%).
In Figure 8, a high degree of fluctuation was experienced before hour 24. The reason for
this fluctuation could be attributed to the interaction between the Teflon stirring rod and the beads.
Apparently, stirring helps achieve faster adsorption of BPA onto the sorbent. However, in our
experiment, stirring at 300 rpm caused AlgC to break up and release activated carbon to the
solution. Therefore, most sorption experiments in this study were kept under static contact
condition. A greater fluctuation in BPA removal might have come from the activated carbon
liberating the BPA molecules while preparing for analysis.
The sorption capacity for the AlgC beads for each dose (Table 2) was then calculated
according to the following equation:
𝑞𝑒 =

(𝐶0 − 𝐶𝑒 )𝑉
𝑚
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where C0 and Ce represent the initial and equilibrium concentration of BPA in aqueous solution
(mg/L), V is the volume of the BPA solution (L) and m is the mass of sorbent (g).

Table 2. Experimental qe for four sorbent doses in 0.01 L of 500 ppm BPA solution while stirring
Dose A
qe (mg/g) 221.33

B

C

D

171.85

155.24

123.47

3.3.2.1. Effect of contact time.
The BPA removal under static condition over time by dose A-D were plotted (Figure 9).
The sampling took place up until day 10 for the equilibrium to be reached. From hour 72 to hour
240 there was a minimal difference with a standard deviation ranging from ±0.8-2.5 %. Based on
this result, the BPA concentration at 173 hours was selected for the equilibrium concentration (Ce)
in the later calculations. The removal percent of doses A-D, was 61.3%, 73.7%, 87.6% and 95.4%,
respectively.
The sorption capacity for each dose was recalculated (Table 3) following the formula for
qe showed in 3.3.2. Similarly, the amount of BPA absorbed per unit mass of sorbent at time t was
calculated using the following equation:
𝑞𝑡 =

(𝐶0 − 𝐶𝑡 )𝑉
𝑚

where C0 refers to the initial concentration of BPA (mg/L), Ct is the concentration of BPA at time
t (mg/L), V to the volume of BPA solution (L) and m to the sorbent mass.
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Figure 9. BPA percent removal on static samples using dosage A-D. Dose A 1.50 mg/mL, B 2.50
mg/mL, C 3.50 mg/mL and D 5.00 mg/mL. Error bars are represented by  SD
(ranged from 0.10 - 6.27%).
Table 3. Experimental qe for four sorbent doses in 0.01 L of 500 ppm BPA solution.
Dose A
qe (mg/g) 264.78

B

C

D

202.60

172.35

130.84

3.3.2.2. Sorption kinetics and isotherms
Chemical kinetics is the study of rates of chemical processes and factors that influence the
completion of equilibrium in a reasonable amount of time. It also hints the mechanism of the
adsorption process (Aly et al. 2014). To investigate the mechanism of the adsorption process of
the experimental data two commonly used models were plotted: pseudo-first and second order
kinetic models.
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The pseudo-first order was linearly graphed as the ln(qe- qt) versus t (Figure 10) according
to the following equation:
ln(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑛𝑞𝑒 − 𝑘1 𝑡
where qe and qt are the adsorbed amounts of BPA at equilibrium and at various times t (mg/g)
respectively. The rate constant k1 of the pseudo-first order model (1/h) and the qe can be determined
from the intercept and slope of the linear plot respectively.
l n ( q e- q t) v s . Ti me
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Figure 10. Linearized plot of pseudo-first order model. Dose A 1.50 mg/mL, B 2.50 mg/mL, C
3.50 mg/mL and D 5.00 mg/mL.
The pseudo second-order model includes all the steps of adsorption including external film
diffusion, adsorption and internal particle diffusion (Xu, Wang, and Zhu 2012). Which is best
described by plotting t/qt versus time t (Figure 11) by the following equation:
𝑡
1
𝑡
=
+
𝑞𝑡 𝑘2 𝑞𝑒 2 𝑞𝑒
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B
C
D

where qe and qt are the adsorbed amounts of BPA at equilibrium and at various determined times,
and k2 is the rate constant for the pseudo-second order adsorption (g/mg∙h) model. From the linear
plot, k2 and qe can be calculated using the values from the intercept and the slope. Also, the half
adsorption time t1/2, which is the time required for the adsorbent to take up half as much BPA as it
will at equilibrium. It is used to measure the rate of adsorption and it can be calculated from
t1/2=1/k2qe. The initial adsorption rate h (mg/g∙h) can be determined from h=k2qe2 (Table 4).
t/ q t vs. t
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Figure 11. Linearized plot of pseudo-second order model. Dose A 1.50 mg/mL, B 2.50 mg/mL,
C 3.50 mg/mL and D 5.00 mg/mL.
The correlation coefficients (R2) for the Pseudo-first order model were below 0.99, while
the correlation coefficients (R2) for the pseudo-second order were higher than 0.99. The result
indicated that the sorption of BPA by AlgC is more likely to follow the pseudo-second order
model. If the adsorption system follows a pseudo-second order kinetics it suggests chemical
sorption, proposing valence forces through sharing or exchange of electrons between sorbent and
sorbate (Ho and McKay 1999).
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Table 4. Pseudo-second order mechanism of BPA sorption values.
Pseudo-second order model
k2
qe,cal
h
(g/mg*h)
(mg/g)
(mg/g*h)

t1/2
(h)

R2

A 264.78

2.85x10-4

277.78

21.98

12.64

0.998

B 202.60

5.95x10-4

208.33

25.84

8.06

0.995

C 172.35

5.82x10-4

178.57

18.55

9.63

0.998

D 130.84

11.11x10-4

135.14

20.28

6.66

0.994

Dose qe,exp
(mg/g)

Using the pseudo-second equation, we calculated adsorbed amounts of BPA at equilibrium
(qe,cal). The values obtained were in line with literature by Tsai et al. 2006, who reported a qe of
238.0 mg/g under room temperature and neutral pH using bituminous coal-based activated carbon
and 227.3 mg/g under the same conditions using coconut shell-based activated carbon.
Two most commonly used models, the Langmuir and Freundlich models were used to
study the interaction between the absorbent (i.e. AlgC) and the adsorbate (BPA) when the
adsorption process reaches equilibrium (Xu, Wang, and Zhu 2012). They provide some insight
into the adsorption mechanism as well as the surface properties and affinities of the adsorbent (Aly
et al. 2014).
The Langmuir model (Figure 12) refers to monolayer adsorption to a homogeneous surface
site (Sigdel et al. 2016) and the linearized equation is shown below:
𝐶𝑒
1
1
=
𝐶𝑒 +
𝑞𝑒 𝑞𝑚
𝑞𝑚 𝐾𝐿
where qe (mg/g) is the amount of BPA (mg) adsorbed by adsorbent (g). Ce is the concentration of
BPA solution at equilibrium (mg/L), qm is the maximum adsorption capacity of the adsorbent
(mg/g) and KL is related to the affinity of binding sites, also known as the Langmuir constant
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(L/mg). The last two variables can be calculated from the slope and intercept from the linear plot
of Ce/qe versus Ce.
The Freundlich model (Figure 13) is an empirical model based on multilayer adsorption to
a heterogeneous adsorbent surface (Aly et al. 2014; Xu, Wang, and Zhu 2012) and follows the
linearized equation below:
ln 𝑞𝑒 =

1
𝑙𝑛𝐶𝑒 + 𝑙𝑛𝐾𝐹
𝑛

where qe is the amount of BPA adsorbed per gram of AlgC (mg/g), Ce is the concentration of BPA
solution at equilibrium (mg/L), KF represents the Freundlich constant for the adsorption capacity
and n the Freundlich constant for the adsorption strength. The magnitude of 1/n quantifies the
favorability of adsorption and the degree of heterogeneity of the surface. If n > 1, it suggests
favorable adsorption, and that the adsorption capacity increases new adsorption sites form (Xu,
Wang, and Zhu 2012).

Langmuir Model
1.2
1
y = 0.0033x + 0.1899
R² = 0.9508
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Figure 12. Langmuir model isotherm. (AlgC dosage: 1.50 mg/mL-5.00 mg/mL; BPA
concentration: 500 mg/mL; Contact time: 7 days; Temperature: 291.15K; pH: 8.6)
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Freundlich model
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Figure 13. Freundlich model isotherm. (AlgC dosage: 1.50 mg/mL-5.00 mg/mL; BPA
concentration: 500 mg/mL; Contact time: 7 days; Temperature: 291.15K; pH: 8.6)

Table 5. Isotherm parameters for the BPA adsorption by AlgC beads.
Langmuir
Temperature qm (mg/g)
(K)
291.150 303.03

Freundlich
KL
(L/mg)

R2

KF

n

R2

0.017

0.9508

44.43

3.26

0.9556

Using only four points, it is difficult to determine which isotherm model is a better fit; but
according to the correlation coefficients (R2) (Table 5 and Figures 12 and 13) the BPA adsorption
mechanism by AlgC is more likely to follow the Freundlich empirical model. This sorption
mechanism explains the fact that BPA can not only be adsorbed by the external layer of the beads
but form a multilayer into the inner layer of the activated carbon which is entrapped into the
alginate. As previously stated, when we compared the removal performances between activated
carbon and bentonite, the activated carbon is the material that most effectively adsorb BPA.
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The maximum adsorption capacity (qm) of AlgC obtained in this experiment was 303.03
mg/g (shown in Table 4). Xu et al reported several adsorption capacity of BPA by graphene and
other literature values showing qm values ranges from 2.1 to 181.6 (mg/g) at temperatures ranging
from 280.15 – 302.15 K. AlgC beads are showing a promising ability for the removal of BPA in
water.

3.3.3. Effect of temperature and thermodynamics.
The thermodynamic parameters provide in-depth information on inherent energetic
changes that are associated with adsorption (Ai, Li, and Li 2011). The effect of temperature on
BPA sorption was analyzed at 291.15 K, 303.15 K and 313.15K and the removals of BPA by two
different doses (A and D) under different temperatures were shown in Figure 14. The selection of
temperature setting was limited by the low solubility of BPA at cold temperature.

BPA removal by AlgC under different temperatures
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Figure 14. BPA percent removal by AlgC under different tempratures. (Temperatures: 291.15 K
(green), 303.15 K (blue) and 313.15K (red). Dosage: A 1.50mg/mL and D
5.00mg/mL. BPA concentration: 500mg/L. Error bars represent ±SD (ranged from
0.10-15.27%)
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The highest BPA removal efficiency of 97.8% was observed by dose D (5.00 mg/mL) at
303.15 K when equilibrium was reached after 144 hours of contact time. A slightly less BPA
removal of 95.4% and 94.6% under dose D (5.00 mg/mL) was observed at 291.15 K and 313.15K
respectively with a contact time of 173 hours. As for Dose A (1.50 mg/mL), the beads were able
to remove 61.3%, 27.4%, and 20.5% of BPA at equilibrium at 291.15 K, 313.15 K, and 303.15 K,
respectively.
The change in enthalpy (ΔHo) and the change in entropy (ΔSo) were calculated using the
Van’t Hoff equation.
𝑞𝑒
𝛥𝑆 𝑜 𝛥𝐻 𝑜
ln ( ) =
−
𝐶𝑒
𝑅
𝑅𝑇
in which qe/Ce is the equilibrium constant (mL/g), T is the absolute temperature (K), R is the gas
constant (8.314 J/mol∙K), ΔSo is the change in entropy (J/mol∙K) and ΔHo is the change in enthalpy
(J/mol). The last two parameters can be calculated from the intercept (ΔSo/R) and slope (-ΔHo/R)
of the linear plot of ln qe/Ce versus 1/T (Figure 15).

Thermodynamic Plot
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Figure 15. Thermodynamic plot. (Temperatures: 291.15 K- 313.15K Dosage: A 1.50mg/mL
(blue) and D 5.00mg/mL (orange). BPA concentration: 500mg/L.)
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To calculate the Gibbs free energy (ΔGo), we used the following equation:
ΔG𝑜 = 𝛥𝐻 𝑜 − 𝑇𝛥𝑆 𝑜
where ΔGo is the standard free energy (kJ/mol). The values are listed in Table 6. Based on the
results, we can determine that the BPA sorption was spontaneous and exothermic due to the
negative values found on ΔGo and ΔHo. Since ΔGo becomes more negative with the decrease in
temperature, it seems like the BPA adsorption was more favorable towards lower temperatures.
This can be due to the thermal movement of the molecules which disrupts the interaction between
alginate and activated carbon. The negative values obtained in ΔHo explains the decline in the
adsorption capacity of the AlgC beads towards BPA when increasing the temperature. The
negative values in the standard entropy change ΔSo show the decreasing randomness at the
activated carbon solution interface due to the orderly adsorption of BPA (Genç, Kılıçoğlu, and
Narci 2016).

Table 6. Thermodynamic parameters for the adsorption of BPA into AlgC beads.
Dose
Temperature
(K)
Dose A
Dose D

ΔHo
ΔSo
ΔGo
(kJ/mol) (J/mol*K) (kJ/mol)
316.15

300.15

291.15

-402.41
-21.28

-14.75
-21.14

-15.51
-21.15

-84.93
-0.439

-13.39
-21.14

3.3.4. Effect of pH on BPA removal.
Studies has shown that the removal capacities for activated carbon changed according to
the chemical nature of the carbon surface and the pH of the solution (Bautista-Toledo et al. 2005).
BPA is an ionizable molecule with hydrophobic character. Its species distribution indicate that
BPA can be found as an uncharged molecule under acidic conditions, and an anion with a charge
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of -1 in solutions with pH 8 to 12 and a charge of -2 with a pH ranging from 9-14 (J. Lee et al.
2011). The impact of pH on the adsorption of BPA by AlgC using two different doses, 1.5 mg/mL
and 5.00 mg/mL of 10 ppm BPA at different pH (2.3, 7.8 &11.3) were studied and the results were
shown in Figures 16 and 17.

BPA removal by Dose A under different pH conditions
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Figure 16. BPA percent removal by dose A (1.50mg/ml) under different pH conditions with pH
around 2, 8 & 11.

Percent removal (%)

BPA removal by Dose D under different pH conditions
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Figure 17. BPA percent removal by dose D (5.00 mg/ml) under different pH conditions with pH
around 2, 8 & 11.
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For the first 24 hours, in dose A, we were able to see a slightly higher removal, 51.16%,
under acidic conditions, followed by a 48.27% removal under basic conditions and a 45.05% under
neutral pH (figure 16). For the higher dose (dose D), we observed a 67.50% removal of BPA under
neutral conditions, 56.67% under basic conditions and 55.02% removal under acidic conditions
(Figure 17). Removal abilities appear to be not significant with a 3% difference, but statistical
analysis, between pH and BPA concentration, shows otherwise.
The cause of the observed discrepancy between the BPA removal under different pH using
two doses were not clear at this point. A possible reason is the dissociation of BPA in the system.
Since BPA is a weak organic acid (pKa ranges from 9.6 - 10.2) and can be deprotonated to exist
in the system as an anionic form and/or neutral form. If pH > pKa, the ionized form is predominant
(Borrirukwisitsak, Keenan, and Gauchotte-lindsay 2012). It is important to mention that the AlgC
beads had a slight neutralization effect (Figure 18), which indicates the ability of the AlgC beads
to increase the pH under acidic conditions and decrease the pH under basic conditions. The pH
adjustment by different AlgC dosage in the solution could be affecting the removal of BPA under
different pH treatment.
We also noticed that the AlgC beads changed the shapes in basic and acidic solution after
30 days. At high pH levels the beads ruptured into gel-like material, suggesting an interaction
between the high pH levels and the Ca2+-treated alginate. As for the beads submerged into acidic
pH, they did not lose the shape, but they did shrink. For this reason, all the experimental procedures
where done under neutral pH (7.00-8.50).
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Figure 18. pH monitoring: pH vs. log (hours).
3.4. BPA removal from wastewater samples.
As a proof of concept, AlgC beads were added into 500 mL of wastewater to study their
removal ability of BPA. Wastewater was centrifuged to remove the suspended particles. After
centrifuged, wastewater influent was spiked with additional BPA to have a BPA level around 5
ppb, since the initial concentration was around 0.04 ppb, and the BPA removal efficiency by the
AlgC beads was determined. The initial pH of the centrifuged wastewater was around 7.63. Figure
19 shows the BPA removal from 5ppb spiked DI water and wastewater in a 24-hour interval. The
graph displays that 37% of BPA was removed after the 20 hours of contact time, while 55%
removal was observed in spiked deionized water. It was also noted that BPA removal was
decreased, which could be due to the competition between other organic compounds found in
wastewater for the active sites of the AlgC beads.
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BPA percent removal in water and wastewater
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Figure 19. BPA removal from wastewater (blue) and water (orange) (AlgC beads dosage: 7.50
mg/mL; Wastewater sample: 500 mL spiked to 5ppb. Error bars represent ±SD that
ranged from 0.5-6.5% for DI water and 16-27% for wastewater samples.
To increase the percent removal of BPA, higher dose of AlgC was tested. 1% w/v of AlgC
beads were added into raw centrifuged wastewater. For the experiment, no BPA was spiked since
the initial concentration were found to be between 4.09-5.73 ppb. After 24 hours of contact time a
removal of 90% was achieved in one sample while only 60% of BPA removal was observed, the
dotted line represents the average of both samples (Figure 20). The discrepancy could be due to
the various degree of matrix effect caused by the organic matter in wastewater. However, further
experiments are needed to explore the full potential of AlgC in BPA removal in wastewater.
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Figure 20. BPA percent removal using 1.00 g of AlgC beads in 100 mL of raw wastewater.
3.5. Statistical Analysis
Before starting the statistical modeling, the diagnostics for response variable was
performed to determine whether it is necessary to make any transformation. The rate of BPA
removal gets slower over time as reaching the equilibrium and taking log transformation of BPA
concentration has better plot to fit linear model (Figure 21). Thus the transformed variable to the
logarithm scale is used to analyze the data instead of the concentration on the original scale.
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Figure 21. Plots for BPA rate removal. Concentration vs. time (left) and log transformed
concentration vs. time (right)
All experiments were compared for any significant differences using one-way analysis of
variance (ANOVA). Temporal trend of log BPA concentration may be highly dependent on the
'id' variable (i.e., individual sample) and linear mixed-effects model was performed by allowing
variation over time by id. By using a special setting for the mixed effect model (time|id), the linear
model was adjusted with a varying intercept-slope ID random effect (see A1).
The main focus was to determine the detailed sources of variation; dose, pH, and temp, and
the output for fixed effects shows the parameter estimates in the linear mixed-effect model.
ANOVA model was plotted to determine the significance of each source of variation.
After log transforming BPA concentrations, the ANOVA model was calculated (Table 7),
in order to determine the statistical significance of each treatment (p < 0.005). The output implies
BPA concentration average in pH for neutral and other levels (i.e., acid and base) are significantly
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different at p<0.05. BPA concentrations at temperature 30oC and 40 oC are larger than temperature
18 oC and the differences are significant at 0.0158 and 0.0218, respectively.

Table 7. ANOVA results for each treatment. (***significant at the significance level of 0.05)

(Intercept)
dose
pH
temp
time

numerator
DF
1
1
2
2
1

denominator
DF
142
18
18
18
142
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F.value

p.value

269.3162
0.1817
13.2860
5.0636
27.2952

0.0000
0.6750
0.0003
0.0180
0.0000

***
***
***
***

Chapter 4: Conclusions
BPA removal by Activated Carbon-alginate (AlgC) and Bentonite-alginate (AlgB)
hydrogel beads was studied. It was observed the removal ability of the beads for BPA is mainly
contributed to activated carbon. >99% (6-log removal) removal of BPA was obtained using 4.5 g
of AlgC hydrogel beads into 20 mL of 10 mg/L BPA solution after 40 minutes of contact time, as
well as >99% (6-log removal) removal using 1 g of dry AlgC beads into 4.00 mL of 10 mg/L BPA
solution after 3 hours of contact time.
The removal of BPA by AlgC beads in aqueous media was further investigated to study
the adsorption mechanism as well as the impacts of dose, pH, and temperature on BPA removal.
The removal of BPA was determined under different dosage ranging from 1.50 mg/mL-5.00
mg/mL, different temperatures (18 oC-40 oC) and different pH (2.28-11.87). The sorption
equilibrium was reached after 120 hours for the beads in 500 ppm BPA solution under static
condition. The higher dose 5.00 mg/mL (Dose D) was able to remove 96% BPA at equilibrium,
while dose A (1.5mg/mL) removed 61% BPA. The correlation between sorbent dosage and percent
removal shows that the higher the dose, the higher the removal since there are more active sites in
the sorbent to remove BPA.
The sorption of BPA by AlgC follows a pseudo-second order model (correlation coefficient
was >0.99), proposing valence forces or electron exchange between AlgC beads and BPA solution.
The adsoption mechanism is hard to determine using only four points, but it seems like it follows
the empirical Freundlich model. Which states a multilayer adsorption that describes the interaction
between the entrapped activated carbon and BPA molecules.
When the beads were tested for removal under different temperatures, the better removal
was obtained by dose D at 303.15 K. This result presents a great advantage for the application of
AlgC in real world as the water is normally under those temperature conditions. During this study
the thermodynamic models were plotted in order to determine the standard free energy (ΔGo). The
results showed that it is a spontaneous reaction between AlgC and BPA. The values decreased as
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the temperature increased, this suggests a more promising BPA removal at lower temperatures.
The enthalpy (ΔHo) calculations yielded a negative number suggesting the reaction was
exothermic. Finally, the change in entropy (ΔSo) demonstrated a decreased randomness at solidliquid phase due to the orderly adsorption of BPA by AlgC beads.
The BPA sorption under different pH conditions was analyzed. When using a lower dose
under acidic (pH=2.3), the AlgC beads had a higher removal, when compared to neutral or basic
conditions. The difference in sorption between acid and neutral was about 3% in 24 hours, which
is not significant. When under a higher dose (5.00mg/mL) the neutral solution had a better
performance. This is important since the pH of wastewater was closer to a neutral pH, meaning
the feasibility of real world use wouldn’t require pH adjustment for a greater removal.
Finally, the removal of BPA by AlgC dry beads from influent wastewater samples was
tested to investigate the matrix effect. The removal of BPA using the smaller dose (1.50 mg/mL),
showed a removal performance of 37% after 20 hours of contact time. This confirms there is indeed
a matrix effect that affects the BPA removal. In order to achieve higher percent removal, 1% w/v
(1g AlgC/100mL wastewater) was studied, achieving a percent removal of 90% in 24 hours.
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Chapter 5: Future Work
These results represent the preliminary tests for determining the removal ability of AlgC
beads towards BPA in raw wastewater samples. Further tests are required to test the removal ability
of different dosages in wastewater taking into account the matrix effect as well as the lower
concentrations of EDCs present than the bench tested concentrations. It is also important to gain a
better understanding as to how these beads will remove other micro pollutants found in wastewater
effluents, such as pharmaceuticals and personal care products.
Along with wastewater samples, there’s the possibility of developing a water filter used for
household drinking water. This project can be done by packing a column with AlgC beads and
passing water spiked with BPA at several flow rates. This could be used to remove other EDC
pollutants previously studied that have been found to persist in water, even after treatment. This
might be an interesting project that could help improve water quality, especially in developing
countries, in which wastewater treatment is less rigorous.
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Appendix
A1. Statistical analysis: Treating “id” as random effect, we can estimate the intercept and time
slope parameters for individual sample.
RANDOM
EFFECTS:
~TIME |
ID
intercept
time
ID
0.1436
0.0204
1
0.0584
0.0216
2
-0.2192
0.0238
3
-0.1088
0.0219
4
1.9517
0.0223
5
1.9893
0.0216
6
0.0523
-0.0174
7
0.0708
-0.0243
8
-0.0394
-0.0010
9
-0.1110
-0.0052
10
-1.8922
-0.0034
11
-1.8955
-0.0079
12
-0.0907
0.0058
13
-0.1113
0.0055
14
0.2139
0.0017
15
0.1141
0.0027
16
1.8578
0.0074
17
1.7652
0.0083
18
-0.0649
0.0002
19
-0.0583
0.0020
20
0.0523
-0.0074
21
0.0981
-0.0066
22
-1.8546
-0.0466
23
-1.9216
-0.0453
24
A2. Linear Mixed effects model. (*** significant at the significance level of 0.05)
FIXED EFFECTS: LOG.CONCTN ~ DOSE + PH + TEMP +
TIME
Value Standard
df
t.value p.value
Error
0.6905 142 3.5717 0.0005 ***
(INTERCEPT) 2.4662
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DoseD
pH BASE
pH neutral
temp30
temp40
time

0.2199
0.1197
1.8721
2.0845
1.9647
0.0226

0.5217

18

0.9043 18
0.7829 18
0.7824 18
0.7821 18
0.0043 142
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0.4215
0.1324
2.3914
2.6643
2.5121
5.2245

0.6784
0.8962
0.0279
0.0158
0.0218
0.0000

***
***
***
***
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